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Fission yeast Mrcl (mediator of replication checkpoint 1) is an adaptor checkpoint protein required for
Rad3-dependent activation of the checkpoint kinase Cdsl in response to arrest of replication forks. Here we
report studies on the regulation of Mrcl by phosphorylation. Replication arrest induced by hydroxyurea (HU)
induces Mrcl phosphorylation that is detected by a change in Mrcl electrophoretic mobility. Phosphorylation
is maintained in cdsIA, rad3A, and tell A single mutants but eliminated in a rad3A tell A double mutant. Mrcl
has two clusters of S/TQ motifs that are potential Rad3/Tell phosphorylation sites. Mutation of six S/TQ
motifs in these two clusters strongly impairs Mrcl phosphorylation. Two motifs located at S604 and T645 are
vital for HU resistance. The T645A mutation strongly impairs a Cds1-Mrcl yeast two-hybrid interaction that
is dependent on a functional forkhead-associated (FHA) domain in Cdsl, indicating that phosphorylation of
T645 mediates Mrc1’s association with Cdsl. Consistent with this model, the T645 region of Mrcl effectively
substitutes for the T11 region of Cdsl that is thought to be phosphorylated by Rad3 and to mediate FHA-
dependent oligomerization of Cdsl. The S/TQ cluster that includes S604 is needed for Mrcl’s increased
association with chromatin in replication-arrested cells. These data indicate that Rad3 and Tell regulate Mrcl
through differential phosphorylation to control Cdsl.

The fission yeast Schizosaccharomyces pombe has been a
valuable model system for studies of genome surveillance and
checkpoint mechanisms that control cell cycle progression and
regulate DNA repair. Two distinct DNA structure checkpoints
have been defined in fission yeast. One, known as the DNA
replication checkpoint, is operative only during S phase and is
activated in response to arrest of replication forks. The other
system, known as the DNA damage checkpoint, is functional
during G, phase and is activated by various forms of DNA
damage. Rad3, functioning in a complex with Rad26, acts as a
sensor protein in both checkpoint mechanisms (5). Rad3 and
the related kinase Tell, which is involved in telomere mainte-
nance (22), belong to a subgroup of a phosphatidylinositol
3-kinase (PI3K)-like family that includes the human homologs
ATM (ataxia-telangiectasia mutated; similar to Tell) and ATR
(ATM and Rad3 related) (5). These kinases are thought to
recognize certain abnormal DNA structures and act together
with other checkpoint proteins to phosphorylate downstream
effector protein kinases. Upon inhibition of DNA replication,
Rad3 appears to directly phosphorylate the effector kinase
Cdsl at threonine-11 (28). Activated Cdsl enforces the S-M
checkpoint by regulating Cdc25 and Mik1 (24, 31). When DNA
is damaged during G, phase, Rad3 appears to directly phos-
phorylate the effector kinase Chk1 at serine-345 (7, 21). Reg-
ulation of Cdc25 and Mikl by activated Chkl controls the
inhibitory phosphorylation of the cyclin-dependent kinase
Cde2 (3, 12, 13, 31).

Signal transduction from PI3K-like kinases to effector ki-
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nases is mediated by adaptor proteins such as Mrcl (mediator
of replication checkpoint 1). In both fission yeast and budding
yeast, Mrcl was identified as a vital component of the system
that activates Cdsl (or its budding yeast homolog Rad53) in
response to replication arrest (2, 29). Cdsl interacted with
Mrcl in the yeast two-hybrid system (29), indicating that a
direct physical interaction between the two proteins may be
necessary for Cdsl activation. Exactly how Mrcl mediates
Cds1/Rad53 activation is unknown. In budding yeast, Rad53
has a second adaptor protein known as Rad9. DNA damage
induces Rad9 phosphorylation in a Mecl (Rad3 homolog)/
Tell-dependent manner (11). Mecl and Tell appear to phos-
phorylate Rad9 at multiple sites within S/TQ motifs that are
preferred phosphorylation sites for PI3K-like kinases, and
these phosphorylation events have been implicated in activa-
tion of Rad53 (25). Forkhead-associated (FHA) domain-me-
diated recognition of Rad9 phosphothreonine peptides is
thought to couple Rad53 activation to the DNA damage
checkpoint pathway. The FHA domain is a key domain of Cds1
and its homologs. The FHA domain was first identified in
forkhead transcription factors and later shown to be present in
many proteins with diverse functions (4). The FHA domain
mediates protein-protein interactions (27). The FHA domain
optimal binding sequence is TXXD, and phosphothreonine
has much higher affinity than phosphoserine (9, 10).

Xenopus and human claspin proteins appear to be structur-
ally and functionally related to yeast Mrcl proteins. In both
organisms, Chkl is phosphorylated in an ATR and claspin-
dependent manner in response to interference with replication
(8, 16). In Xenopus, claspin becomes phosphorylated at S864
and S895, and phosphoclaspin binds to Chkl (17). ATR is
required for claspin phosphorylation, which probably occurs
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TABLE 1. Yeast strains used in this study

Strain®

Genotype Origin or reference

PR109
HZ3345 (HZ100)
HZ3346 (HZ101)
HZ3347 (HZ102)
HZ3348 (HZ103)
HZ3349 (HZ104)

-
h™ mrcl-§599A4
h™ mrcl-S604A
h™ mrcl-S614A
h™ mrcl-T634A
h™ mrcl-S637A

h™ mrcl-T645A4
h™ mrcl-S599A48604A45614A
h™ mrcl-T6344A5637AT645A

HZ3350 (HZ105)
HZ3351 (HZ106)
HZ3352 (HZ107)
HZ3353 (HZ108)
KT2791 h™ mrcl-13myc::kanMX6
HZ3354 (HZ109)
HZ3355 (HZ110)
HZ3356 (HZ111)
HZ3357 (HZ112)
HZ3358 (HZ113)
BM2681 h™ cdsI-13myc::kanMX6
HZ3359 (HZ114) h* cdsl:ura4™-13myc::kanMX6
HZ3360 (HZ115) h™ cdsI-S2T-13myc::kanMX6
HZ3361 (HZ116)
HZ3362 (HZ117) h™ cdsI-T645A-13myc::kanMX6
KT2902 rad3::leu2”™ cdsl:ura4™*
KT2870 h™ mrcl-TAP::kanMX6

h~ mrcl-S604A chkl::ura4™

Our laboratory stock

h™ mrcl-§59945604A45614AT634AS637AT645A

25

h™ mrcl-S599A8604AS5614A-13myc::kanMX6
rad3:urad™ tell::kan* mrcl-13myc::kanMX6

h™ mrcI-S59948604AS614A chkl::ura4™
h™ mrcl-S599A485604AS614AT634AS637AT645A chkl::ura4™

Our laboratory stock

h™ cds1-T6344S5637AT645A-13myc::kanMX6

“ All are leul-32 ura4-DI18. The designations in parentheses are used in the text.

through an indirect mechanism because ATR cannot directly
phosphorylate claspin at S864 and S895 in vitro. Claspin asso-
ciates with chromatin during S phase in a manner that depends
on the prereplication complex and Cdc45, but not on ATR or
replication protein A (18). Claspin’s chromatin association in-
creases in response to replication arrest.

Cds1 activation appears to require Rad3-dependent phos-
phorylation of T11, but exactly how Rad3 targets Cdsl and
how T11 phosphorylation leads to Cdsl activation are un-
known. In budding yeast, it is thought that phosphorylation of
Rad9 by Mecl/Tell induces Rad9 dimerization (26) and con-
sequent recruitment of Rad53, bringing Rad53 proteins in
close association and leading to intermolecular autophosphor-
ylation of Rad53 (27). It has not been reported whether Rad53
activation requires direct phosphorylation by Mecl/Tell. In
human cells, studies suggest that phosphorylation of Chk2 at
T68 allows binding of another Chk2 molecule through an FHA
domain interaction (1, 30). This dimerization leads to Chk2
intermolecular autophosphorylation in the activation loop of
the kinase domain.

In this report, we show that fission yeast Mrc1 is phosphor-
ylated in response to replication arrest in a Rad3/Tell-depen-
dent manner. Two S/TQ clusters are required for the electro-
phoretic mobility shift induced by this phosphorylation.
Threonine-645, a site in the first S/TQ cluster, is required for
the interaction with the FHA domain of Cdsl. Serine-604,
located in the second S/TQ cluster, appears to be involved in
Mrcl’s association with chromatin. These findings identify two
mechanisms controlling Mrcl’s function in the replication
checkpoint response.

MATERIALS AND METHODS

Fission yeast strains, growth medium, and genetic and molecular methods. All
of the strains listed in Table 1 were leul-32 ura4-DI8. Standard growth media
and general biochemical and genetic methods were used. Yeast cultures were

grown at 32°C in YES medium (0.5% yeast extract, 3% glucose, supplements) or
Edinburgh minimal medium unless indicated otherwise. Hydroxyurea (Sigma)
was used at the indicated concentration. To mutate phosphorylation sites at the
mrcl genomic locus, a site-directed mutagenesis kit (Stratagene) was used to
mutate the indicated site(s) in plasmid pUC28-Mrcl. PCR was then used to
amplify the 1357-t0-2704 region of mrcl. Purified PCR products were trans-
formed into an mrcl:ura4” strain that had ura4™ inserted at nucleotide 1612.
5-Flouroorotic acid-resistant transformants were picked, and mutations were
confirmed by sequencing. Other regions of mrcl were sequenced to detect
spurious mutations.

Cds1-S2T hybrid. The ura4* marker was inserted into cds! between codons
encoding glutamate-13 and alanine-14 to make a cdsl::ura4" null mutant. A
PCR-based gene targeting method was used to delete the T8-to-S19 region by
knocking in T629 to T650 of Mrcl. Plasmids pUC28-Mrcl, pUC28-Mrcl-T645A,
and pUC28-S2TA were used as templates with which to amplify the Mrcl
T629-to-T650 region containing either the wild-type sequence, a T645A muta-
tion, or a T634A S637A T645A triple mutation. PCR products were transformed
into the cdsl:ura4* null mutant described above, and 5-flouroorotic acid-resis-
tant colonies were selected for further confirmation and analyses.

ATM kinase assays. PCR was performed to amplify cDNA expressing either
the wild-type Mrcl C terminus (amino acids 560 to 1019) or Mrcl phosphory-
lation site mutant forms. PCR fragments were inserted into pGEX-KG (14).
Glutathione S-transferase (GST)-Mrcl fusion proteins were expressed in bacte-
ria and purified with glutathione-Sepharose (Amersham Pharmacia). ATM was
immunoprecipitated from HeLa cells and used in kinase assays as described
previously (28).

Triton extraction and immunolocalization. Asynchronous cells were treated
with hydroxyurea (HU; 15 mM) for 2 to 3 h. Cells were harvested and subjected
to Triton X-100 extraction to analyze chromatin association of Mrcl as previ-
ously described (15). After extraction with 1% Triton X-100, cells were washed
once and then fixed with formaldehyde and subjected to indirect immunofluo-
rescence studies with 9E10 antibody as previously described (20). For DNase I
treatment, cells were incubated with 5 U of DNase I (Sigma) together with
Triton as previously described (15). Anti-myc (9E10 Covance) and Alexa Fluor
488 goat anti-mouse immunoglobulin G (IgG; Molecular Probes) were used as
primary and secondary antibodies, respectively.

Antibody production and immunoblotting. The Mrcl N-terminal fragment
including amino acids 1 to 317 was expressed as a GST-Mrcl fusion protein in
bacteria, purified, and used to make antisera in rabbits. Purified anti-Mrcl
antibody was verified by immunoblotting. To make anti-phospho-S604 antibody,
the phosphorylated peptide CSQPSA-pS-QLT-amide was conjugated to keyhole
limpet hemocyanin and injected into rabbits. Antisera were affinity purified with
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the phosphorylated peptide and depleted with the unphosphorylated form of the
peptide. The purified antibodies were used for immunoblotting. For anti-Mrcl
immunoblotting, cells were harvested, washed, and then resuspended in loading
buffer (50 mM Tris HCI [pH 6.8], 2% sodium dodecyl sulfate [SDS], 10%
glycerol, 10% B-mercaptoethanol, 0.1% bromophenol blue). Cells were boiled at
100°C for 5 min, vortexed with glass beads for 5 min, and boiled again for 5 min.
Cell lysates were centrifuged for 10 min at 20,000 X g. Supernatants were
subjected to SDS-polyacrylamide gel electrophoresis (PAGE). Immunoblots
were blotted with anti-Mrc1 antibody or anti-myc antibody (9E10; Covance). For
anti-Cds1 immunoblotting, cells were grown for 2 h in selective medium supple-
mented with 15 mM HU. Cells were lysed by glass beads in a mixture of 50 mM
Tris-HCI (pH 8), 150 mM NaCl, 0.2% NP-40, 5 mM EDTA, 10% glycerol
supplemented with protease and phosphatase inhibitors. Total lysates were son-
icated briefly and then immunoprecipitated with myc-agarose conjugate (Santa
Cruz), and precipitates were used for immunoblotting with Cds1 antibody (gift
from T. Wang). The secondary antibody used was horseradish peroxidase-con-
jugated anti-rabbit IgG (1:10,000) or anti-mouse IgG (1:4,000).

HU sensitivity and checkpoint studies. Phosphorylation site mutants were
grown in YES medium and then transferred to YES plates with HU at the
indicated concentrations. Cells were grown for 2 days. To study the significance
of DNA replication checkpoint phosphorylation mutations, a PCR-based gene-
targeting method was used to delete chkl in mrcl phosphorylation site mutants.
Log-phase cells grown in YES medium were treated with 15 mM HU for 6 h.
Cells were fixed with glutaraldehyde and then stained with 4',6'-diamidino-2-
phenylindole (DAPI) before microscopic analysis.

Yeast two-hybrid assay. To make pGAD424-S2T and its mutant form, two
oligonucleotides (forward, 5'-AATTCACCAACACCTCATCTACACAGCCG
AGTCAAGTAGATAGTCTAGTTCCTACTCAATTAGATTCCGG-3'; reverse,
5'-GATCCCGGAATCTAATTGAGTAGGAACTAGACTATCTACTTGACT
CGGCTGTGTAGATGAGGTGTTGGTG-3") were denatured in 100°C water
and annealed in 10 mM Tris CI (pH 7.9)-50 mM NaCl-10 mM MgCl,-1 mM
dithiothreitol. The annealing temperature was decreased gradually from 100 to
65°C. The annealed fragments with EcoRI and BamHI sticky ends were sub-
cloned into pGAD424 (Clontech) to make pGAD424-S2T. This plasmid was
then used as the template to make a T634A, S637A, or T645A mutation. The
pGAD424-Mrcl plasmid (29) was used to make phosphorylation mutant forms
with full-length Mrcl. The Cdsl FHA mutant form was amplified from the
PpAS2-cds1 FHA mutant form (6) and subcloned into pBTM116 to make LexDB-
cds1-fha. pGADA424 and pBTM116 derivatives were cotransformed into KT2906
cells (29), and transformants were picked to test their growth on minimum
medium without histidine and supplemented with the indicated amount of 3-ami-
notriazole.

RESULTS

Rad3 and Tell control Mrcl phosphorylation. In response
to HU treatment, fission yeast Mrcl undergoes a posttransla-
tional modification that retards its electrophoretic mobility
(Fig. 1A). Treatment with lambda phosphatase showed that
this modification was phosphorylation (Fig. 1A). To under-
stand how Mrcl phosphorylation is regulated, we monitored
Mrcl mobility in several checkpoint mutant backgrounds (Fig.
1B). In a cdsIA strain, substantial Mrcl phosphorylation was
detected in the absence of any treatment (lane 3) and more
phosphorylation occurred upon HU treatment (lane 4). These
data suggested that the absence of Cdsl may lead to DNA
replication abnormalities or DNA damage that result in Mrcl
phosphorylation. This pattern was markedly different from that
seen in budding yeast (2), in which HU-induced phosphoryla-
tion of Mrcl was substantially decreased in rad53A cells and no
phosphorylation of Mrcl was detected in the absence of treat-
ment with HU or methyl methanesulfonate.

Mrcl phosphorylation was largely intact in rad3A and tell A
single mutants but fully abrogated in a rad3A tellA double
mutant (Fig. 1B). In contrast to the cds/A mutant, no Mrcl
phosphorylation was observed in a rad3A cdsIA double mutant
in the absence of HU (Fig. 1B). These findings suggest that

Mrcl IS REGULATED BY Rad3 AND Tell IN FISSION YEAST 8397

A
HU -+ o+ o+ +
APPase - = - - +
Na,vO, = e - +
@-Mﬂ:l ->
-
I — — —
Lane 1 2 3 4 5
B
tellA  edslA
WwT cdslA  rad3A  tellA rad3A rad3A
HU = 4+ = 4+ = 4+ = 4+ = 4+ = +
@-Mrel )
Mrel ™ « Bl ™ e e B ppe— |
tublin » -
el B F
Lane 1 2 3 4 5 6 7 8 9 10 11 12

FIG. 1. Rad3 and Tell are required for Mrc1 phosphorylation. The
indicated strains were grown in YES medium supplemented with 12
mM HU for 4 h. Cells lysates were then subjected to Western blotting
with anti-Mrcl antibody or anti-tubulin antibody as a control.
(A) Mrcl is phosphorylated in response to HU treatment. Mrc1-TAP
cells were treated with HU, and cell lysates were either mock treated
or treated with phosphatase (APPase) or sodium orthovanadate to-
gether with phosphatase before being subjected to SDS-PAGE.
(B) Wild-type (WT) cells with the indicated genetic background were
treated with HU and then lysed for SDS-PAGE. Anti-Mrc1 sera were
used in this immunoblot assay.

Rad3 and Tell have overlapping roles in controlling Mrcl
phosphorylation in response to HU-induced replication arrest.
However, in the absence of Cdsl and HU, only Rad3 is in-
volved in the control of Mrcl phosphorylation.

HU sensitivity of Mrcl S/TQ cluster mutants. Control of
Mrcl phosphorylation by Rad3 and Tell was interesting in
view of the fact that Mrcl has a preponderance of SQ and TQ
motifs that are potential Rad3 and Tell phosphorylation sites.
There are 14 S/TQ sequences in Mrcl, 7 of which are found in
two clusters near the central region of the polypeptide. The 3S
region contains SQ motifs at positions 599, 604, and 614. The
S2T cluster includes S/TQ motifs at threonine-634, serine-637,
and threonine-645 (Fig. 2A). (There is also a TQ motif at
threonine-653.) Interestingly, the Saccharomyces cerevisiae
Rad9 and Mrcl proteins have similar S/TQ clusters. We per-
formed a series of site-directed mutagenesis studies of these
S/TQ clusters to evaluate if they are important for Mrcl func-
tion. All mutations were made by conversion of the endoge-
nous genomic locus. Mutations of the 3S cluster (3SA; S599A
S604A S614A) caused severe HU sensitivity (Fig. 2B). Muta-
tions of the S2T cluster (S2TA; T634A S637A T645A) also
conferred sensitivity to HU, although to a slightly lesser extent
than 3SA mutations. Mutations of both S/TQ domains showed
an additive effect (Fig. 2B). The HU sensitivity of mrcl-6A4 cells
is almost the same as that of an mrc/A mutant (data not
shown).

To further refine the analysis of the S/TQ clusters, cells with
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FIG. 2. Phosphorylation of Mrcl is required for cell survival in the
presence of HU. (A) Schematic diagram of Mrcl. All of the potential
Rad3/Tell phosphorylation sites are indicated. Two S/TQ clusters are
designated 3S (for S599, S604, and S614) and S2T (for T634, S637, and
T645). 6S/T indicates the combination of these two. a.a., amino acids.
(B) Two S/TQ clusters are required for cell survival in the presence of
HU. Serial dilutions of wild-type (WT) cells or cells with mutations of
either one of the S/TQ clusters (3SA or S2TA) or both (6A) were
plated on either YES medium or YES medium supplemented with the
indicated amount of HU. (C) S604 and T645 are important residues
for cell survival in the presence of HU. Cells with the indicated single
mutations or 3SA or S2TA multiple mutations were subjected to spot
assay on YES medium or YES medium supplemented with the indi-
cated concentration of HU.

single mutations of S/TQ motifs in these regions were com-
pared for sensitivity to HU (Fig. 2C). The S604A mutation
caused severe HU sensitivity, similar to that caused by the 3SA
triple mutation. The S599A and S614A mutations had no effect
on HU survival (Fig. 2C), suggesting that S604 is the most
important residue in the 3S cluster. Tests of single mutations in
the S2T cluster showed that T645A caused HU sensitivity to a
degree similar to that caused by the S2TA triple mutation.
Mutants with S599A, S614A, T634A, and S637A single muta-
tions showed the same HU resistance as wild-type cells (data
not shown). These findings suggested that serine-604 and thre-
onine-645, two putative Rad3/Tell phosphorylation sites, are
critical for Mrc1 function in response to replication arrest.
Checkpoint defect of Mrcl S/TQ cluster mutants. In a
chklA background, mrcl A mutants fail to arrest division in HU
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FIG. 3. Mrcl phosphorylation is required for DNA replication
checkpoint. Cells with the indicated mutations in a chkI™* or chkIA
background were grown in YES medium at 30°C with 12 mM HU for
6 h. Cells were then fixed by the glutaraldehyde method and stained
with DAPI. WT, wild type.

and display a “cut” phenotype arising from division without
prior replication (29). This defect is attributed to a failure to
activate Cdsl. To further assess the functional importance of
the Mrcl S/TQ clusters in the replication checkpoint response,
we carried out microscopic observations of mutants treated
with HU for 6 h at 30°C (Fig. 3). As expected, rad3A cells,
which are unable to activate Cdsl and Chkl in response to
HU, displayed many cut cells, whereas the wild type and the
chklA, mrcl1-3SA, and mrcl-6A mutants arrested division with
very few cut cells. Double-mutant mrc1-S604A4 chkIA (25%)
and mrcl1-3SA chkIA (33%) cells showed a mixed phenotype of
moderately elongated and many cut cells, while mrc1-6A4 chklA
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FIG. 4. Phosphorylation of Mrcl in vivo and in vitro. (A) S/TQ
clusters are required for Mrcl phosphorylation. Cells with either wild-
type or mutant mrcl were grown in YES medium supplemented with
15 mM HU for 2 h. Total lysates were subjected to SDS-PAGE and
Western blotting with anti-Mrcl antibody. (B) ATM phosphorylated
Mrcl at S/TQ clusters in vitro. ATM was immunoprecipitated from
HeLa cells and used to phosphorylate substrates. The sequence includ-
ing GST-Mrcl amino acids 560 to 1019 and its phosphorylation mutant
forms were expressed and purified from Escherichia coli and used as
substrates for ATM kinase assays. Kinase assays were performed at
30°C for 30 min. The reaction mixtures were subjected to electrophore-
sis, and phosphoproteins were visualized by phosphorimager (Molec-
ular Dynamics). The proteins were then detected by Coomassie blue
staining. (C) Serine-604 is phosphorylated in vivo. Cells with the indi-
cated genetic backgrounds were grown in YES medium or in YES
medium supplemented with 15 mM HU for 2 h. Total lysates were
subjected to Western blotting with phospho-S604 antibody (top). The
blot was also stripped and reblotted with anti-Mrcl antibody to visu-
alize total Mrcl protein levels (bottom). WT, wild type; a.a., amino
acids.

(72%)) cells displayed a phenotype very similar to that of rad3A
cells. These findings demonstrated the importance of the Mrcl
S/TQ clusters in mediating the Cdsl-dependent checkpoint
arrest in response to HU.

S/TQ cluster mutations impair Mrcl phosphorylation in
vivo and in vitro. To evaluate if the S/TQ clusters are impor-
tant for Mrcl phosphorylation in vivo, cells with different phos-
phorylation site mutations were treated with HU and migra-
tion of endogenous Mrcl protein on SDS-PAGE was
monitored by immunoblotting with anti-Mrcl antibody (Fig.
4A). In wild-type cells, HU-induced phosphorylation slowed
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Mrcl migration on SDS-PAGE (Fig. 4A). The 6A mutation
abolished the electrophoretic mobility change induced by HU,
whereas the S604A, 3SA, and S2TA mutations had partial
effects. These findings showed that S/TQ clusters are important
for Mrcl phosphorylation.

To evaluate whether the S/TQ clusters are likely to be di-
rectly phosphorylated by Rad3/Tell, in vitro kinase assays of
the S/TQ clusters were performed with immunoprecipitated
ATM from HeLa cells (Fig. 4B). ATM was used as a Rad3/
Tell surrogate because the fission yeast kinases have very poor
activity in vitro, whereas ATM is a much more robust kinase
and its in vitro specificity is similar to that of Rad3 (21, 28).
Mrcl wild-type and mutant substrates were made by expressing
the C-terminal region of Mrcl (amino acids 560 to 1019) as a
GST fusion protein in bacteria. ATM was able to phosphory-
late wild-type GST-Mrc1(560-1019). The S604A single muta-
tion and S2TA triple mutation substantially decreased **P in-
corporation, while the 6A mutation appeared to abolish
phosphorylation of GST-Mrc1(560-1019). These results indi-
cate that serine-604 and one or more of the S/TQ motifs in the
T634- to-T645 region are phosphorylated by ATM in vitro.

Serine-604 is phosphorylated in vivo upon HU treatment.
To directly analyze the phosphorylation status of Mrcl at
serine-604, affinity-purified phosphospecific S604 antibodies
were made (see Materials and Methods) and used for immu-
noblotting (Fig. 4C). In wild-type cells treated with HU, these
antibodies detected a protein that migrated at the position of
Mrcl (lane 2). This signal was not detected in untreated cells
(lane 1), nor was it seen in mrc1-3SA (lane 3) or mrcIA (lane
5) mutants treated with HU. Preincubation of the phospho-
S604 antibodies with the phospho-S604 peptide also elimi-
nated the signal (lane 6). These findings strongly indicated that
the antibodies specifically detected Mrcl that was phosphory-
lated on serine-604. Importantly, the S604 phosphorylation
signal was abolished in a rad3A tell A double mutant (lane 4)
treated with HU, suggesting that HU-induced phosphorylation
at serine-604 is catalyzed by Rad3 and Tell.

Threonine-645 mediates Mrcl interaction with the Cdsl
FHA domain. Mrcl interacts with Cdsl in the yeast two-hybrid
system (29) (Fig. SA). To determine if a functional FHA do-
main in Cdsl is required for this interaction, a cds/-fha mutant
that has two highly conserved residues (serine-85 and histidine-
88) mutated to alanine was tested in the two-hybrid assay.
Previous studies showed that cdsi-fha cells are highly sensitive
to HU (6). We found that Cds1-FHA failed to interact with
Mrcl, demonstrating the importance of the FHA domain in
mediating the interaction with Mrc1 (Fig. 5A). To determine if
the S/TQ clusters are important for this interaction, we mobi-
lized several S/TQ cluster mutations into the yeast two-hybrid
vector and assayed interactions with Cds1 (Fig. SA). The 3SA
mutation did not impair the interaction with Cds1. However,
the S2TA mutation (T634A S637A T645A) greatly decreased
the interaction. To further define the most important resi-
due(s), the T634A, S637A, or T645A single mutation was mo-
bilized into the two-hybrid vector and tested for interaction
with Cds1. Mutation of either T634 or S637 did not affect the
Mrcl-Cdsl interaction (data not shown); however, the T645A
single mutation decreased Mrcl’s interaction with Cds1 to the
same extent as the S2TA triple mutation did. These finding
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FIG. 5. Cdsl FHA domain can interact with Mrcl T645. (A) Mrcl
To645 is required for its interaction with Cdsl. pGAD424-Mrcl or its
phosphorylation mutant forms and LexDB-Cds] or its fha mutant form
were cotransformed into strain 140 for a yeast two-hybrid assay.
(B) The DNA fragment encoding amino acids 629 to 639 of Mrcl was
subcloned into pGAD424 to make pGAD424-S2T. pGAD424-S2T and
LexDB-Cdsl or its fha mutant form were cotransformed into strain
KT2906 for a yeast two-hybrid assay. AD, activation domain.

correlate with the HU sensitivity of the S2TA triple mutant
and the individual single mutants.

To determine if the S2T region of Mrcl alone is capable of
interacting with Cdsl, the 21-amino-acid peptide containing
the T634-to-T645 region of Mrcl was fused to the Gal4 acti-
vation domain and used for the two-hybrid system (Fig. 5B).
The short peptide interacted with Cdsl, although not quite as
well as full-length Mrcl. Consistent with the studies carried out
with full-length Mrcl, the interaction of Cdsl with the short
peptide containing the T634-to-T645 region of Mrcl was de-
pendent on an intact FHA domain (Fig. 5B).

T645 mediates direct binding with the Cds1 FHA domain. In
the course of these studies, we noticed that the spacing of the
S/TQ motifs in the Mrcl T634-to-T645 region (S/TQXS/T
QXS/TQ) was similar to that of the Cdsl T8-to-S19 region
and the Rad53 T12-to-S24 region (Fig. 6A). We have previ-
ously reported evidence that phosphorylation of Cdsl threo-
nine-11 by Rad3 is vital for Cdsl activation (28). Studies of
mammalian Chk2 have provided evidence that phosphoryla-
tion of threonine-68 (equivalent to Cdsl threonine-11) medi-
ates an interaction with the FHA domain of another Chk2
protein, promoting oligomerization that leads to intermolecu-
lar autophosphorylation and full kinase activation (1, 30). We
reasoned that if both the Cdsl T8-to-S19 and Mrcl T634-to-
T645 regions mediate FHA domain interactions, it may be
possible to replace the T8-to-S19 region of Cdsl with the
T634-to-T645 region of Mrcl. To accomplish this substitution
in the genomic copy of cdsI™, we first made a cdsI disruption
strain in which the ura4™ gene was inserted between the thre-
onine-11 and serine-19 codons of cdsl. A PCR-based gene-
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FIG. 6. Mrcl threonine-645 mediates direct interaction with Cds1
FHA domain. (A) Sequence homology between the Mrcl T634-to-
T645 and Cdsl T8-to-S19 regions. The numbers indicate the position
of the sequence within the protein. Grey boxes indicate the conserved
S/TQ sequences. (B) Mrcl T634-to-T645 region can replace Cdsl
T8-t0-S19 region. BM2681 (Cdsl-13myc), HZ114 (Acdsl:ura4*
-13myc), HZ115 (Cds1-S2T-13myc), HZ116 (Cds1-S2TA-13myc), or
HZ117 (Cds1-T645A-13myc) cells were spotted on either YES me-
dium or YES medium supplemented with the indicated amount of HU
to test their survival. (C) Mrcl T645 is required for its interaction with
Cdsl. BM2681 (Cdsl-13myc), HZ115 (Cds1-S2T-13myc), HZ116
(Cds1-S2TA-13myc), or HZ117 (Cds1-T645A-13myc) cells were trans-
formed with a multicopy plasmid expressing either wild-type Cdsl, its
fha mutant form, or the TSAT11A phosphorylation mutant form. Cells
were grown in selective minimal medium and treated with 15 mM HU
for 2.5 h before being harvested. Lysates were immunoprecipitated
with anti-myc antibody, and precipitates were subjected to Western
blotting with anti-Cds1 antibody. Total lysates were also blotted with
anti-Cds1 antibody as the control. IP, immunoprecipitate; OE, over-
expression.

targeting method was used to replace the Cdsl T8-to-S19 re-
gion with the T634-to-T645 region of Mrcl. The wild type
(S2T) and an S2TA mutant were used to create cds-S2T (wild
type) and cdsI-S2TA (mutant) hybrids. Cells with cdsi™,
cds1A, cds1-S2T, or cds1-S2TA were compared for sensitivity
to HU (Fig. 6B). As expected, wild-type cells were resistant to
HU, whereas cdsIA cells were acutely sensitive. Remarkably,
the cds1-S2T strain was only slightly sensitive to HU, indicating
that the T634-to-T645 region of Mrcl effectively substituted
for the T8-to-S19 region of Cdsl (Fig. 6B). In contrast, the
cds1-S2TA strain, containing the triply mutated (T634A S637A
T645A) T634-t0-T645 region of Mrcl, was acutely sensitive to
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HU. To further determine if T645 is the most important resi-
due, the T645A mutation was introduced into the cdsi-S2T
hybrid strain. Like cdsI-S2TA cells, cdsI-T645A hybrid cells
were very sensitive to HU (Fig. 6B).

Having found that the Mrcl T634-to-T645 region can effec-
tively replace the T8-to-S19 region of Cdsl, we explored
whether the Mrcl T634-to-T645 region of Cds1-S2T mediates
an interaction with wild-type Cdsl in a manner akin to that
proposed for oligomerization of human Chk2. Cds1 was over-
expressed in a Cds1-S2T strain, cells were treated with HU,
and the Cds1-S2T hybrid protein was immunoprecipitated
from lysates. Precipitates were subjected to immunoblotting
with anti-Cdsl antibody. Cds1-S2T coimmunoprecipitated with
Cds1 (Fig. 6C). Mutation of T645 to alanine in Cds1-S2T, or
overexpression of Cdsl-T11ATS8A instead of wild-type Cdsl,
greatly reduced but did not eliminate the interaction (Fig. 6C).
The combination of these two mutant constructs completely
abolished the interaction (Fig. 6C). These data strongly sug-
gested that phosphorylation of T645 in the S2T cluster of Mrcl
mediates interaction with Cdsl1.

Chromatin association of Mrcl. To better understand the
role of Mrcl in checkpoint signaling to Cds1, and in particular
to characterize the role of the second S/TQ motif in Mrcl
function, we used an in situ chromatin binding assay to test the
chromatin association activity of Mrcl. In this assay, Triton
X-100 was used to extract proteins from the nucleus prior to
immunofluorescence microscopy (15). Proteins that remained
in the nucleus after extraction should have a close association
with chromatin DNA or an insoluble component of the nuclear
matrix. We first examined HU-arrested wild-type cells (Fig.
7A). In samples that were not treated with Triton X-100, about
90% of the cells displayed a visible Mrc1-13myc signal. In all of
these cells, the signal was localized to the nucleus. A similar
proportion (82%) of the cells retained the Mrcl-13myc signal
after Triton X-100 extraction. The nuclear retention of Mrcl
was dependent on the presence of chromatin because DNase I
digestion completely abolished the nuclear Mrcl signals (Fig.
7B). In rad3A telIA cells treated with HU, little Mrcl signal
was retained in the nucleus after Triton extraction, indicating
that Rad3/Tell-dependent phosphorylation mediates or stabi-
lizes Mrcl’s association with chromatin (Fig. 7C). To directly
test if phosphorylation can affect Mrcl’s chromatin binding
activity, a 13myc-tagged form of mrc1-3S4 was expressed from
the endogenous locus and these cells were subjected to HU
treatment and Triton extraction (Fig. 7A and C). In cells that
were not treated with Triton, 80% of the cells had a nuclear
Mrecl signal, but this number was reduced to 27% upon Triton
extraction. Because S604A is the critical mutation in the mrcl-
3SA4 mutant, these data suggest that serine-604 is critical for
high-affinity association of Mrcl with chromatin.

DISCUSSION

These studies have addressed the mechanism and functional
significance of Mrcl phosphorylation. We found that the phos-
phorylation-dependent mobility change of Mrcl was not indi-
vidually dependent on Cdsl, Rad3, or Tell, but it was abol-
ished in a rad3A tellA double mutant. Evidence of Tell-
dependent phosphorylation of Mrcl in a rad3A background
was surprising because Cdsl activation is completely depen-
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dent on Rad3 (19). Tell function is thought to be confined to
telomere maintenance (22). The functional significance of
Tell-mediated phosphorylation of Mrcl is unknown, but it
raises the interesting possibilities that Mrc1 may have hitherto
undiscovered functions in telomere maintenance or that Tell
may have an unappreciated checkpoint activity.

Acting on the hypothesis that Mrcl is a direct substrate of
Rad3, and mindful of the fact that budding yeast Rad9 and
fission yeast Mrc1 share clusters of S/TQ motifs in their central
regions, we assayed the consequences of mutating two S/TQ
clusters. These studies revealed that mutation of six S/TQ sites
eliminated the phosphorylation-dependent mobility shift, and
more detailed analyses indicated that sites in both S/TQ clus-
ters were involved in phosphorylation. Further analyses iden-
tified two sites, S604 and T645, that are crucial for Mrcl func-
tion. On the basis of the in vivo and in vitro data shown here,
it is likely that Rad3 and Tell directly phosphorylate serine-
604 and threonine-645. Use of phosphoserine-604-specific an-
tiserum confirmed that serine-604 is phosphorylated in HU-
treated cells by a mechanism that is abrogated in a rad3A tel1A
double mutant.

In yeast two-hybrid analyses, Mrcl and Cdsl interacted in a
manner that required T645 in Mrcl and an intact FHA domain
in Cdsl. These data strongly suggest that the T645 region of
Mrecl is directly involved in mediating the association between
Cds1 and Mrcl. It was previously reported that the T68 region
of human Chk2 associates with the FHA domain of Chk2 to
promote intermolecular association and autophosphorylation
(1). We therefore supposed that if the T645 region of Mrcl
associates with the FHA domain of Cdsl, and if T645 is phos-
phorylated by Rad3, then the T645 region of Mrcl might
substitute for the T11 region of fission yeast Cdsl1, which cor-
responds to the T68 region of human Chk2. Remarkably, we
found that the hybrid Cds1 containing the T645 region of Mrcl
conferred HU resistance on fission yeast. Even more remark-
ably, we found that this rescue was abolished by the T645A
mutation. These phenotypes correlated with the ability of the
hybrid Cdsl to associate with wild-type Cdsl. Taken together,
these data strongly suggest that the T645 region of Mrcl is
crucial because it is required for association with the FHA
domain of Cdsl. Our studies also suggest that S604 is required
for stable association with chromatin. In Xenopus, claspin binds
to chromatin even without activation of the replication check-
point (18). In our assay, we could not detect Mrcl chromatin
binding activity in the absence of replication arrest, suggesting
that fork stalling may increase the affinity of Mrcl for chro-
matin.

Our data suggest the following model concerning the func-
tion and regulation of Mrcl. Mrcl is probably a component of
the replisome that is not required for replication but is essen-
tial for activation of the replication checkpoint response. Rad3
and Tell are recruited to stalled forks, where they phosphor-
ylate Mrcl on S604 and T645. Phosphorylation of S604 stabi-
lizes Mrcl’s interaction with the stalled replisome. Phosphor-
ylation of T645 creates a binding site for the FHA domain of
Cdsl. The recruitment of Cds1 by Mrcl allows Rad3 to phos-
phorylate Cds1 on T11, a critical step in Cdsl activation. Tell
apparently cannot phosphorylate Cdsl1 efficiently on T11 be-
cause Cdsl activation is abolished in a rad3 mutant (28). It is
interesting that Mrcl is phosphorylated by the same upstream
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FIG. 7. Chromatin binding activity of Mrcl. (A) KT2791 cells (Mrcl-
13myc) or HZ109 cells (Mrc1-3SA-13myc) were grown in minimal medium
overnight and then either mock treated or treated with 15 mM HU for 3 h.
Cells were harvested and extracted with 1% Triton X-100 for an in situ
chromatin binding assay (see Materials and Methods). (B) Mrcl chromatin
association is sensitive to DNase I treatment. KT2791 cells (Mrc1-13myc)
were grown in the presence of 15 mM HU and harvested for a chromatin
binding assay. Cells were incubated with DNase I together with Triton X-100
and then subjected to an indirect immunofluorescence (IF) assay. The same
cells are shown on the left side. (C) KT2791 cells (Mrc1-13myc), HZ109 cells
(3SA-13myc), or HZ110 cells (rad3A tell A Mrcl-13myc) were treated with 15
mM HU. Cells were subjected to Triton X-100 extraction for in situ chroma-
tin binding assays. In each case, the number of cells with Mrcl nuclear signal
versus the total number of cells is represented on the y axis. At least 200 cells
were counted from at least two different experiments, and the standard
error is was 15% of the average. WT, wild type.
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kinase(s) at two different sites that have distinct functions in
the DNA replication checkpoint.

In budding yeast, HU-induced Mrc1 phosphorylation is re-
duced but not eliminated in mecIA cells (2). These data are
consistent with our studies of Mrcl in fission yeast and suggest
that Tell may be required for the Mecl-independent phos-
phorylation of Mrcl in budding yeast. It was recently shown
that a budding yeast Mrcl mutant that has all 17 S/TQ motifs
mutated to AQ fails to undergo HU-induced phosphorylation;
fails to support Rad53 phosphorylation, which is indicative of
Rad53 activation; and fails to promote checkpoint arrest (23).
Importantly, this 17AQ mutant did not exhibit the slow-repli-
cation phenotype seen in null mutant mrc/A mutant cells of
budding yeast, showing that the mutant retained a basal func-
tion involved in DNA replication and was specifically defective
in checkpoint signaling. This study also showed that Mrcl
associates with chromatin in concert with moving replication
forks, suggesting that Mrcl is a component of the replisome
(23).
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